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HIGHLIGHTS 


►  Investigate  the  degradation  of  the  DMFC  performance  during  100  freeze/thaw  cycles. 

►  Reversible  and  irreversible  losses  in  DMFC  performance  were  identified. 

►  A  method  was  put  forward  to  recover  the  reversible  loss  in  performance. 

►  The  voltage  @  100  mA  crer2  dropped  16  mV  experienced  100  F/T  cycles  after  recovered. 
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In  this  paper,  the  reversible  and  the  irreversible  loss  in  performance  of  direct  methanol  fuel  cell  (DMFC) 
single  cells  induced  by  freeze/thaw  cycling  are  determined  and  discussed.  The  reversible  loss  in 
performance  is  attributed  to  the  decreased  activity  of  electrocatalysts  due  to  the  strong  adsorption  of  the 
intermediates  from  methanol  electro-oxidation  at  subzero  temperatures,  while  the  irreversible  loss  in 
performance  is  due  to  the  damage  of  membrane  electrode  assembly  (MEA)  structure.  It  is  found  that  the 
reversible  degradation  of  performance  is  dominant  when  the  cell  operated  at  low  current  densities  with 
O2;  the  irreversible  degradation  is  more  obvious  when  the  cell  discharged  at  high  current  densities  or 
operated  with  air.  A  method,  applying  a  reverse  current  on  the  single  cell,  is  put  forward  to  recover  the 
reversible  loss  in  performance.  By  this  method,  the  voltage  of  the  single  cell  operated  with  O2  at 
100  mA  cm2  drops  only  about  16  mV  after  experiencing  100  freeze/thaw  cycles  between-10  and  60  °C. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  been  attracting  much 
attention  as  portable  power  sources  because  of  the  high  energy 
density  and  convenient  fuel  storage/refilling.  One  of  the  challenges 
for  the  application  of  DMFCs  are  the  survivability  and  cold-start 
capability  in  subzero  temperatures.  Although  pure  methanol,  as 
the  fuel,  remains  in  liquid  state  in  any  climatic  condition  ever 
measured  on  the  planet  [1],  typical  methanol  concentration  in  use 
is  controlled  at  a  low  level  (1  M),  whose  freezing  point  is  -2  °C. 
DMFCs  might  suffer  from  freezing  for  both  anode  and  the  cathode 
at  subzero  temperatures,  unlike  proton  exchange  membrane  fuel 
cells  (PEMFCs),  in  which  water  is  only  produced  on  the  cathode 
side.  The  volume  expansion  of  frozen  water  and  frost  heave 
formation  would  damage  the  structure  of  membrane  electrode 
assemblies  (MEAs)  [2—4],  In  addition,  the  strong  adsorption  of  the 
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intermediates  from  methanol  electro-oxidation  at  low  temperature 
results  in  a  decrease  in  catalytic  activity  [5,6].  Both  factors 
contribute  to  degradation  of  the  DMFC  performance. 

Extensive  studies  on  the  subzero  storage  and  startup  of  PEMFCs 
have  been  reported  [2,4,5,7-17],  The  results  suggest  that  the  MEA 
durability  against  freeze/thaw  cycling  is  able  to  meet  the  require¬ 
ment  of  automotives  [3,4],  However,  few  studies  have  been  re¬ 
ported  on  the  operation  and  storage  of  DMFCs  at  subzero 
temperatures  [6,18-20],  Presently,  the  only  study  reporting  the 
performance  and  degradation  in  DMFCs  found  that  MEAs  were 
hard  to  withstand  the  freeze/thaw  cycling  [19], 

In  this  paper,  the  effects  of  freeze/thaw  cycling  on  the  perfor¬ 
mance  of  DMFCs  were  investigated.  We  identified  two  lands  of 
distinct  loss  in  DMFC  performances,  one  being  reversible  and 
related  to  the  decreased  activity  of  catalysts,  the  other  one,  being 
irreversible  and  related  to  the  damage  in  MEA  structure.  Finally,  the 
effects  of  applying  a  reverse  current  on  the  DMFC  performance 
were  investigated  by  analyzing  electrochemical  impedance  spec¬ 
troscopy  (EIS)  of  the  single  cell. 
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2.  Experimental 

2.1.  MEA  preparation 

The  electrodes  were  prepared  using  a  brush  painting  method 
[21],  PtRu/C  (Johnson  Matthery  Inc.,  Hispec  10000,  60  wt.%  PtRu) 
and  Pt/C  (Johnson  Matthey  Inc.,  Hispec  9100, 60  wt.%  Pt)  were  used 
as  the  catalyst  for  anode  and  cathode,  respectively.  The  metal 
loadings  for  both  electrodes  were  2.5  mg  cm  2.  Carbon  paper  (TCP 
060)  with  a  microporous  layer  was  used  as  gas  diffusion  layers  on 
both  anode  and  cathode  sides.  The  MEA  with  an  active  area  of 
2  cm  x  2  cm  were  prepared  by  hot  pressing  the  anode  and  cathode 
on  either  side  of  a  Nafion  115  membrane.  Two  single  cells,  Cell  I  and 
Cell  II,  were  used  in  our  tests. 

2.2.  Single  cell  test  procedure 

The  freeze/thaw  cycling  test  protocol  is  schematically  shown  in 
Fig.  1.  It  consists  of  the  repetitive  steps  of  cell  operation  at  60  °C  and 
storage  at  -10  °C.  The  cell  was  cooled  down  to  -10  °C  and  kept  at 
this  temperature  for  8  h  in  an  environmental  chamber  (Giant  Force 
Inc.).  In  the  subsequent  heating  stage,  the  cell  was  taken  out  of  the 
chamber  and  heated  up  to  60  °C  by  cartridge  heaters.  Meanwhile 
the  cell  was  fed  with  1  M  methanol  on  a  homemade  test  station. 

During  the  DMFC  operation  &  analysis,  the  following  steps  were 
sequentially  operated: 

Step  1 

la  Constant  current  mode.  The  cell  discharged  at  100  mA  cm  2  at 
60  °C  for  30  min.  The  anode  was  fed  with  1  M  methanol  aqueous 
solution  at  a  flow  rate  of  1  mL  min-1 ;  cathode  was  fed  with  non- 
humidified  O2  at  a  flow  rate  of  80  mL  min-1. 

lb  i—V  curve  measurement.  The  single  cell  polarizations  were  ob¬ 
tained  using  a  fuel  cell  test  system  (Arbin  Instrument  Corp.)  at 
60  °C.  A 1  mol  L_1  methanol  aqueous  solution  was  pumped  into  the 
anode  at  a  flow  rate  of  1  mL  min  '.  Dry  oxygen/air  was  fed  to  the 
cathode  at  a  flow  rate  of  80  mL  min-1 

Step  2 

2a  Applying  a  reverse  current.  The  gas  being  fed  to  cathode  was 
switched  to  nitrogen  while  keeping  anode  fed  with  methanol. 
Linear  sweep  voltammetry  (LSV)  was  performed  between  0  V  and 
0.9  V  (vs.  DHE)  at  a  scan  rate  of  2  mV  s-1.  In  this  case,  anode  serves 
as  a  counter/reference  electrode,  wherein  methanol  is  oxidized  at 
the  cathode,  while  H2  is  produced  in  anode  side.  Gaseous  hydrogen 
formed  on  the  anode  removes  the  adsorbates  or  reduces  the  surface 
oxides. 


2b  i—V  curve  measurement,  see  lb. 

2c  EIS  measurement.  EIS  measurement  was  conducted  in  the 
frequency  range  of  1  kHz-100  mHz  with  10  steps  per  decade  using 
a  potentiostat  (SI  1287,  Solartron  Analytical)  combined  with 
a  frequency  response  analyzer  (SI  1260,  Solartron  Analytical). 

2d  Anode  polarization  measurement.  The  cell  was  operated  in 
a  driven  mode  using  a  potentiostat  (SI  1287,  Solartron  Analytical). 
In  this  case,  hydrogen  was  fed  into  the  cathode,  which  served  as 
a  counter/reference  electrode.  The  scanned  potential  range  was 
from  0  to  0.65  V  with  a  sweep  rate  of  2  mV  s-1 

2e  Cyclic  voltammetry  (CV)  measurement.  When  the  CV  of  the 
cathode  (or  anode)  was  measured,  hydrogen  was  supplied  to  the 
anode  (or  cathode)  to  function  as  a  counter/reference  electrode, 
and  deionized  (DI)  water  was  fed  to  the  cathode  (or  anode)  side  at 
a  flow  rate  of  1  mL  min-1.  The  scanned  potential  range  was  from 
0  to  1.2  V  for  cathode  or  0-0.65  V  for  anode  with  a  sweep  rate  of 
20  mV  s-1 

2f.  Feed  1  M  methanol  solution  to  anode  until  a  stable  single  cell 
polarizations  curve  was  obtained. 

Step  1  were  performed  every  cycle,  and  step  2  were  performed 
every  twenty  cycles. 

2.3.  Methanol  stripping  measurement 

The  anode  (or  cathode)  was  washed  by  flowing  DI  water 
through  the  electrode  chamber  for  20  min,  then  hydrogen  was  fed 
to  the  cathode  (or  anode)  side  which  served  as  a  counter/reference 
electrode.  The  curve  was  recorded  in  the  potential  range  between 
0  and  0.7  (or  1.2)  V  with  a  sweep  rate  of  20  mV  s-1. 

3.  Results  and  discussion 

3.1.  Effects  of  freeze/thaw  cycles 

The  changes  in  cell  voltage  during  the  100  freeze/thaw  cycles  are 
depicted  in  Fig.  2.  It  was  found  that  the  cell  voltage  at  a  current 
density  of  100  mA  cm-2  did  not  change  significantly  during  the 
100  freeze/thaw  cycles,  whereas  the  fluctuation  of  the  cell  voltage 


Cycle 

Fig.  2.  Voltage  change  at  certain  current  density  during  100  cycle  freeze/thaw  testing. 
Cell  I,  anode:  1  M  methanol  solution,  1  mL  min-1;  cathode:  nonhumidified  O2, 
80  mL  min1. 
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Fig.  3.  Cyclic  Voltammograms  of  anode  of  an  MEA  before  and  after  freeze/thaw  cycles. 
Cell  I,  anode:  DI  water,  1  mL  min'1;  cathode:  H2, 100  mL  min'1. 

at  a  current  density  of  200  mA  cm'2  was  greater  than  that  of 
voltage  at  100  mA  cm-2.  The  cell  performance  was  improved 
significantly  at  the  84th  cycle  after  rested  for  26  days,  which  we 
would  discuss  in  detail  in  section  3.2.  The  fluctuation  of  the  cell 
voltage  at  certain  current  density  during  freeze/thaw  cycles  indi¬ 
cates  that  a  reversible  degradation  might  occur  during  the  freeze/ 
thaw  cycling. 

Cyclic  voltammetry  was  performed  to  examine  the  loss  in 
electrochemical  surface  area  (ECSA)  after  100  freeze/thaw  cycles. 
ECSA  decreased  by  19.1%  at  the  anode  and  by  47.8%  at  the  cathode 
after  100  free/thaw  cycles,  as  seen  in  Fig.  3  and  Fig.  4.  The  ECSA 
losses  might  result  from  the  structural  changes  of  MEA  induced  by 
freezing  [4,7,10],  and  these  losses  cannot  be  recovered. 

The  anode  polarization  curves  are  shown  in  Fig.  5.  It  can  be  seen 
that  the  overpotential  in  anode  increases  with  cycling.  “Oxygen 
gain”  is  referred  to  the  difference  in  cell  voltage  between  the  pair  of 
methanol/02  and  methanol/air  at  the  same  current  densities.  It  is 
a  qualitative  indication  of  mass  transfer  loss  that  occurs  in  an 
electrode  [22],  Fig.  6  is  the  results  of  oxygen  gain  during  freeze/ 
thaw  cycling,  it  can  be  seen  that  oxygen  gains  were  higher  after 
suffering  from  subzero  temperature  than  that  of  beginning  of  life 


Voltage  (V) 

Fig.  5.  Anode  polarization  curves  during  freeze/thaw  cycles.  Cell  I,  anode:  1  M 
methanol,  1  mL  min'1;  cathode:  nonhumidified  H2, 100  mL  min'1. 

(BOL).  The  higher  oxygen  gains  and  overpotential  in  anode  after 
freeze/thaw  cycles  might  result  from  the  damage  of  MEA  structure 
induced  by  freezing.  Researchers  observed  the  damage  of  MEA 
induced  by  change  in  volume  at  phase  transformation  [3,4,9,10], 
This  morphological  damage  of  MEAs  leads  to  the  performance  loss 
that  cannot  be  recovered,  which  is  referred  as  the  irreversible  loss 
in  performance. 

3.2.  Reversible  loss  in  performance 

Fig.  7  shows  methanol  stripping  measurements  of  a  normal  MEA 
and  that  after  subzero  temperature  storage,  it  is  apparent  that  the 
area  for  methanol  oxidation  stripping  peak  became  much  larger 
after  being  stored  at  low  temperatures,  indicating  that  more 
intermediates  from  the  methanol  oxidation  reaction  (MOR)  adsorb 
on  the  catalysts  for  the  single  cell  stored  at  subzero  temperatures. 
The  different  behavior  of  the  cells  before  and  after  being  stored  at 
the  subzero  temperature  in  methanol  stripping  measurements  at 
the  same  temperature  is  unexpected  and  appear  to  be  contrary  to 
thermodynamics;  it  might  be  an  artifact  due  to  the  slow  dynamics 
for  the  intermediate  desorption  process  which  might  take  a  long 


Fig.  4.  Cyclic  Voltammograms  of  cathode  of  an  MEA  before  and  after  freeze/thaw  Fig.  6.  Oxygen  gains  of  DMFC  single  cell  duing  freeze/thaw  cycling  after  recovered.  Cell 
cycles.  Cell  I,  anode:  H2, 100  mL  min'1;  cathode:  DI  water,  1  mL  min'1.  I,  anode:  1  M  methanol,  1  mL  min1;  cathode:  nonhumidified  02/Air,  80  mL  min'1. 


0.12 


'  (V) 


Potential  (mV) 

100  mA 

cm'2 

200  mA 

cm-2 

BOL 

100th 

|AV| 

BOL 

100th 

ii im 

398 

419 

21 

468 

500 

32 

VceU,02 

32 

Wir 

446 

408 

38 

380a 

316a 

64a 

temperature:  60  °C;  anode:  1  M  methanol,  1  mL  min1;  cathode:  N2,  80  mL  min-1. 
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Table  2 

Fitting  parameters  for  the  equivalent  circuit  model  at  0.4  V  (vs.  DHE). 


Rm  (O  cm2) 

Ri  (Q  cm2) 

Qi(F/cm2) 

Hi 

Qdi  (F/cm2) 

Hdl 

Rc  (£5  cm2) 

Leo  (H/cm2) 

Rct(ficm2) 

Freeze-thaw 

0.286 

0.190 

1.059 

0.489 

0.493 

0.958 

0.933 

0.562 

0.306 

Recovered 

0.282 

0.155 

1.154 

0.505 

0.473 

1 

0.739 

0.472 

0.279 

time  to  achieve  desorption  equilibrium  after  being  stored  at 
subzero  temperatures.  After  the  84th  freeze/thaw  cycle  the  cell  was 
rested  26  days  at  room  temperature,  it  is  interesting  to  find  that  the 
cell  performance  is  improved  significantly,  as  shown  in  Fig.  2.  This 
is  possibly  explained  by  the  less  MOR  intermediates  adsorbed  on 
the  catalysts  after  rest  for  a  long  time. 

The  loss  in  active  area  of  electrocatalysts  leads  to  the  degrada¬ 
tion  of  the  cell  performance,  but  this  kind  of  loss  can  be  recovered 
fully  or  partially.  A  method,  applying  reverse  currents  to  the  cell, 
was  put  forward  to  recover  the  reversible  loss  in  cell  performance. 
This  method  was  previously  used  for  DMFC  conditioning  [18,23],  As 
shown  in  Fig.  8,  no  performance  loss  was  seen  for  BOL  and  that  after 
recovered.  Fig.  9  shows  the  results  of  voltage  at  100  &  200  mA  cm-2 
during  freeze/thaw  cycling  after  recovery  operation.  The  perfor¬ 
mance  of  the  cell,  which  experienced  100  freeze/thaw  cycles,  lost 
slightly  after  recovered.  As  mentioned  before,  the  loss  in  ECSA  was 
found  at  both  electrodes.  However,  no  valid  correlation  between 
the  loss  in  ECSA  and  performance  loss  is  built  up  to  now  [4],  The 
slight  degradation  after  100  freeze/thaw  cycles  might  be  attributed 
to:  (1)  the  high  catalyst  loading  (compare  to  PEMFCs)  making  the 
cell  performance  less  sensitive  to  the  loss  in  ECSA;  (2)  sufficiently 
open  space  in  the  catalyst  layer  (CL)  with  a  porous  structure 
allowing  the  swelling  in  volume  that  avoid  a  damage  to  the  CL 
structure  [3,24];  (3)  the  depression  of  the  freezing  point  for  water 
(aqueous  methanol)  in  the  MEA  leads  to  partial  water  existing  in 
liquid  state  [4,25,26], 

The  loss  in  performance  of  the  DMFC  operated  with  air  was 
larger  than  that  operated  with  O2  (see  Fig.  6),  indicating  an  increase 
in  mass-transport  resistance  in  cathode.  For  a  DMFC  operated  with 
O2,  convection  is  the  main  way  for  oxygen  transport  across  the  GDL, 
while  for  the  one  operated  with  air,  diffusion  is  the  dominant  way 
for  oxygen  transport  [27],  As  a  consequence,  the  overall  perfor¬ 
mance  of  the  cell  fed  with  air  is  more  sensitive  to  the  changes  in 
pore  structures  resulting  from  freeze  damage  than  that  fed  with  O2. 

Table  1  summarizes  the  measured  cell  voltage  and  anode 
potential  based  on  the  experimental  data  shown  in  Figs.  5,  6  and  9. 
It  can  be  seen  that  the  loss  in  anodic  voltage  contributes  to  the 
overall  losses  in  the  cell  voltage  for  the  DMFC  operated  with 
oxygen.  However,  it  is  not  the  case  for  a  cell  operated  with  air, 
indicating  that  freeze/thaw  cycles  lead  to  an  increase  in  mass- 
transport  resistance.  In  summary,  both  electrodes  suffer  degrada¬ 
tion  during  freeze/thaw  cycles. 

3.3.  Effects  of  applying  a  reverse  current  to  the  single  cell  on  its 
performance 

Fig.  10  summarizes  the  limiting  currents  from  methanol  cross¬ 
over  during  100  freeze/thaw  cycling.  A  considerable  amount  of  fuel 
crossover  from  anode  to  cathode  owing  to  the  permeability  of 
methanol  through  the  perfluorosulfonic  acid  membranes,  which 
might  be  one  of  the  most  frequently  heard  disadvantages  of  DMFCs. 
However,  tailoring  to  the  methanol  crossover,  we  put  forward 
a  reverse  current  method  by  which  an  electrical  current  of  polarity 
opposite  to  that  in  a  working  DMFC  was  passed  through  the  MEA  to 
recover  the  cell  performance  [23],  When  applying  a  reverse 
current,  a  positive  voltage  was  applied  to  the  cathode,  and  oxidized 
the  crossovered  methanol  at  the  cathode,  gaseous  hydrogen  is 


formed  on  the  anode  which  can  removes  the  adsorbates.  By  doing 
this,  the  reversible  loss  in  performance  can  be  recovered. 

Electrochemical  impedance  spectroscopy  is  a  powerful  tool  for 
electrical  characterization.  It  can  provide  information  about  the 
change  in  process  occurring  in  the  electrode  before  and  after 
applying  a  reverse  current.  We  examine  the  effects  of  reverse 
current  on  the  anode  side,  because  oxidation  of  the  crossovered 
methanol  also  take  place  during  normal  operation  at  the  cathode. 
Fig.  11  is  the  Nyquist  plots  of  the  DMFC  anode  before  and  after 
recovered.  The  impedance  model  for  the  anode  employed  in  this 
study  is  shown  in  Fig.  12.  Rm  denotes  the  resistance  of  the 
membrane  and  R,  represents  the  resistance  of  the  interface 
between  the  membrane  and  the  catalyst  layer;  Rrt  denotes  the 
charge  transfer  resistance;  Qai  is  the  double  layer  capacitance;  Rc 
represents  the  resistance  of  the  solid  phase  in  catalyst  layer;  Leo  is 
the  inductance  due  to  the  slowness  of  the  relaxation  of  (CO)ads 
coverage  [28,29],  It  can  be  seen  that  the  simulated  spectrum  using 
model  shown  in  Fig.  12  agrees  well  with  the  experimentally 
observed  plots.  From  the  analyses  of  the  fitting  parameters  listed  in 
Table  2,  it  was  found  that  LCo.  an  indicator  of  the  amount  of  (CO)ads 
on  the  catalyst  surfaces,  decreased  19%  after  recovered,  suggesting 
(CO)ads  is  removed  after  applying  a  reverse  current. 

4.  Conclusion 

The  present  study  shows  that  the  loss  in  performance  of  the 
DMFCs  due  to  the  freeze/thaw  (-10  °C/60  °C)  cycling  includes  both 
the  reversible  and  the  irreversible  degradation  of  cell  performance. 
The  reversible  degradation  is  attributed  to  the  decreased  activity  of 
catalyst  due  to  the  strong  adsorption  of  MOR  intermediates  where 
the  performance  loss  can  be  recovered  by  applying  a  reverse 
current,  while  irreversible  degradation  is  related  to  structural 
changes  of  MEA.  Reversible  loss  in  performance  is  dominant  over 
the  irreversible  loss,  and  only  slight  irreversible  degradation  of 
performance  of  the  cell  operated  with  O2  is  observed  after 
100  freeze/thaw  cycles.  However,  noticeable  irreversible  degrada¬ 
tion  is  found  when  the  cell  operated  at  high  current  density  or  fed 
with  air  because  of  the  larger  mass-transport  resistance. 

The  approach  applying  a  reverse  current  is  confirmed  a  valid 
method  to  recover  the  reversible  loss  in  performance  by  removing 
the  strong  intermediates  from  the  MOR  on  the  catalyst  surface. 
After  applying  a  reverse  current,  the  cell  voltage  at  100  mA  cm~2 
only  dropped  16  mV  (from  506  mV  to  490  mV)  over  the  course  of 
the  100  freeze/thaw  cycles. 
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